The three small segments of the four RNAs of the rice stripe tenuivirus (RSV) genome have an ambisense coding strategy. The mRNA transcripts corresponding to open reading frames for the non-structural protein (NS4) and nucleocapsid protein (N), which are encoded on virus-sense (v) RNA 4 and virus-complementary sense (vc) RNA 3, respectively, were recovered from polysomes of RSV-infeeted wheat leaves, and their 5' termini were analysed. The mRNAs derived from both v and vc sequences contained from 10 to 23 non-viral bases at their 5' termini. Results of nucleotide sequence similarity analyses indicated that these non-viral heterogenous sequences may be derived from host cellular mRNAs. Taken together, these results suggest that the viral mRNA transcription of either v or vc sequences of ambisense segments of RSV is primed by non-viral oligonucleotides in vivo.
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Rice stripe tenuivirus (RSV), the type species of the genus Tenuivirus, infects several species of the Gramineae. RSV also replicates in the planthopper vector Laodelphax striatellus Falldn and is transovarially transmitted to its progeny (Toriyama, 1983; Murphy et al., 1995) . The genome of RSV consists of four ssRNA segments and their complete nucleotide sequences have been determined for RSV isolate T. The RNA 1 is of negative polarity and encodes a single large protein of 336'8 kDa which is probably the RNA-dependent RNA polymerase associated with RSV filamentous nucleoprotein (Toriyama et al., 1994) . The three smaller segments (RNA 2, 3 and 4) are ambisense in their coding strategies: one open reading frame (ORF) is at the 5' end of the virus-sense RNA (vRNA), while another ORF is at the 5' end of virus-complementary (vcRNA) sequence (Zhu et al., 1991 (Zhu et al., , 1992 Takahashi et al., 1993) . The 5'-proximal ORF of vcRNA 3 encodes a nucleocapsid protein (N) and the Y-proximal ORF of vRNA 4 encodes the major non-structural protein (NS4; desig-* Author for correspondence. Fax +81 298 38 8199.
t" Present address: Faculty of Agriculture, Ibaraki University, Amimachi, Ibaraki 300-03, Japan. nated as 'S protein' in Zhu et al., 1992) which is abundantly produced in RSV-infected plants. The intergenic regions between the two ORFs of these ambisense segments, RNAs 3 and 4, can be folded into hairpin structures, which may serve as transcriptional termination signals (Zhu et al., 1991 (Zhu et al., , 1992 .
The 5'-and Y-terminal sequences of RSV genomic RNAs are complementary and could form a panhandle structure. Approximately eight nucleotides at each terminus are conserved between the genus Tenuivirus and the genus Phlebovirus of the Bunyaviridae (Takahashi et al., 1990) . Also, a recent study has shown that the sequence of the RNA polymerase gene is highly conserved between RSV and phleboviruses and these viruses may have originated from the same ancestral virus (Toriyama et al., 1994) .
The genomes of the tenuiviruses maize stripe virus (MStV) and rice hoja blanca virus (RHBV) consist of five and four ssRNA segments, respectively. The nucleotide sequences of RNA 3 and RNA 4 of MStV, RHBV and RSV are highly conserved (Ramfrez & Haenni, 1994) . In ambisense RNA 4 of MStV, mRNA transcripts corresponding to v-and vcRNA ORFs were found in infected maize plants (Huiet et al., 1992 heterogenous nucleotide sequence at the immediate 5'
terminus (Huiet et al., 1993) . Recently, non-viral additional nucleotides were also found at the 5' end of RHBV RNA 4 mRNAs, and these mRNAs are capped (Ramirez et al., 1995) . This suggests that transcription of tenuivirus mRNAs may be achieved by cap-snatching as found in the segmented negative-and ambisense RNA viruses (Krug, 1981; Bishop et al., 1983; Simons & Pettersson, 1991; Jin & Elliott, 1993) . In this study, we report the characterization of the 5' sequences of NS 4 and N mRNAs of RSV which are encoded on vRNA 4 and vcRNA 3 sequences, respectively. Wheat seedlings at the two leaf stage were inoculated with RSV (isolate T) using viruliferous small brown planthoppers, L. striatellus. Wheat plants which were infected with RSV and developed the typical chlorotic stripe symptoms were collected for polysome preparations at 2 weeks after inoculation. Polysomes of the RSV-infected wheat leaves were extracted by a modification of the method described previously (Jackson & Larkins, 1976) and then centrifuged on a CsC1 density gradient (initial density 1.325 g/ml) for 20 h at 165000 g. Under these conditions, total polysomes (density > 1.4 g/m/) were pelleted at the bottom of tubes, while the virus genomic RNAs encapsidated in nucleocapsid proteins (density 1-282 g/ml) formed a band in the middle of the CsC1 gradient tube. The RNA of pelleted polysomes was phenol-extracted as described previously (Toriyama, 1986) . The resulting phenol phase was reextracted with 10mg-Tris-HC1 pH 7-5 to provide a higher yield of mRNAs. The RNAs were resuspended in H~O and centrifuged on a 5-30 % sucrose gradient at 100000 g for 21 h at 10 °C. The gradient was divided into 16 fractions and the RNA of each fraction was recovered by ethanol precipitation. The RNA fractions and the viral genomic RNAs were separated by electrophoresis on a 1% formaldehyde-MOPS agarose gel and transferred by vacuum blotting to Hybond N + membrane (Amersham). The fractions containing putative mRNAs corresponding to ORFs for the NS 4 and N proteins were detected by hybridization with RSV-specific probes using the Gene Images chemiluminescence system (Amersham). Fractions 6 and 7 from the top of the gradient showed the most intense signal for NS 4 mRNA and fractions 10 and 11 had the strongest signal for N mRNA (data not shown). These fractions were used for cloning each of the mRNAs.
To determine the sequences of the 5' ends of NS 4 and N mRNAs, primer extension and cloning of 5' ends of mRNAs were carried out as described previously (Dumas et al., 1991) . The sscDNA of the mRNAs were synthesized using Moloney murine leukaemia virus reverse transcriptase (BRL). Primer S 1, 5' CTGAGCTC-TCAGCCTTAGCC 3', was constructed as the complementary sequence of RNA 4, nucleotide positions 489 to 508, and primer $3, 5' CCCAGGTCAGAAGAG-TCCAC 3', consisted of the sequence of RNA 3 from nucleotide position 1961 to 1980. The synthesized cDNAs were then separated from primers and template RNAs using GeneClean II (Bio 101). The sscDNA was ligated to the modified oligonucleotide L 1,5' (p)TGGAG-CTCGAATTCTCTAGAGCGTGATCGC(ddTTP) 3', which was phosphorylated at its 5' end by T4 polynucleotide kinase (Toyobo) and blocked at its 3' end with ddTTP using terminal transferase (BRL). The ligation was performed at 22 °C for 36 h using T4 RNA ligase (BRL). The ligated DNA was used for PCR amplification with oligonucleotide L2, 5' CGCTCTAGAGAAT-TCGAGCTCC 3', which is complementary to the 22 nucleotides of the L1 sequence, and either the internal primer $2, 5' GGCCTACAATAGGACCAACAG 3', which is complementary to the RNA 4 at positions 86 to 106, or the internal primer $4, 5' AATCAGCTAGAG-TGGCTGGC 3', which is complementary to RNA 3 at positions 2379 to 2398. The PCR was repeated for 35 cycles : denaturation at 94 °C for 30 s, annealing at 60 °C for 30 s and extension at 72 °C for 1 min. The PCRamplified DNA products were analysed by electrophoresis on a 1.5 % agarose gel and the DNA fragments were recovered by electroelution. The PCR products were then digested with SacI, of which sites are provided in the sequences of oligonucleotides L1 and L2, and cloned into the SacI and HinclI sites of pUC18. The nucleotide sequences of the 5' regions of 38 NS 4-and 41 N-specific mRNA clones were determined by the dideoxynucleotide chain-termination method.
Sequence analysis of the inserts showed that 37 clones for NS 4 mRNAs and 39 clones for N mRNAs contained from 10 to 23 extra 5' non-viral nucleotides, with 11 to 14 nucleotides being the most common (Fig. 1 a, b) . One vRNA 4 clone (7-28) contained only one extra G at the 5' terminus. Two vcRNA 3 clones (10-13 and 10-31) had no extra nucleotides and the exact 5'-terminal nucleotide T residue of the linker oligonucleotide L1 linked directly to the A residue of the 5'-terminal nucleotide of the vcRNA 3 sequence. The 5' sequences of clones 10-4 and 10-11, and clones 10-9 and 10-17 were identical. Clones 10-22 and 10-43 also had similar sequences except for the extra ACAC present at the 3" end of clone 10-22 (Fig.  1 b) . The 5' non-viral sequences in the remaining clones did not reveal any apparent similarities, although some nucleotides seemed to be favoured in certain positions.
The characteristics of the 5' and 3' non-viral sequences of NS~ and N mRNAs are summarized in Table 1 . In 25 out of the 76 clones (33 %), the first virus-encoded nucleotide, the A residue, was missing. It has been reported that the mRNAs of influenza, snowshoe hare, Germiston and Uukuniemi viruses also frequently lack the first virus-encoded nucleotide (Krug, 1981 ; Bishop et al., 1983; Bouloy et al., 1990; Simons & Pettersson, 1991) . The missing A was replaced by G in most of the N mRNAs of RSV and by G or U in most of the NS 4 mRNAs. C was the nucleotide favoured immediately before the Y-terminal 'viral' nucleotide A, particularly in N mRNAs. In addition, these C residues were those of the preceding AC or ACAC in 19 out of 35 cases. On the 
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leader sequence characteristics of tenuivirus mRNAs are also similar to those of Uukuniemi phlebovirus (Simons & Pettersson, 1991) , which has 5'-and Y-terminal sequences identical to that of tenuiviruses. The terminal 5' non-viral nucleotide was a purine in 64 out of 76 mRNAs (84 %) of RSV, and the penultimate nucleotide was a purine in 51 mRNAs (67%). The 5' non-viral sequences of both NS 4 and N mRNAs had somewhat higher G+C content (56%) than the viral sequences (about 38 %). This higher GC content may reflect that the 5' non-viral sequences have originated from host eukaryotic mRNAs.
The analysis of the 5' ends of N and NS~ mRNAs of RSV revealed the presence of non-viral oligonucleotides, suggesting that the cap-snatching mechanism shown for influenza virus (Krug, 1981) may be involved in the mRNA transcription of either v-and/or vcRNA sequences of anabisense segments of RSV. As shown in Table 1 , some differences were observed between the leader sequences of mRNAs transcribed from vcRNA 3 (N mRNA) and vRNA 4 (NS 4 mRNA). However, it is not known whether these differences actually provide a function in these mRNA transcripts by, for example, serving as a recognition site for cap structures or by serving as a cleavage site for host cellular mRNAs.
RSV genomic RNAs do not have cap structures at their 5' termini (Takahashi et al., 1990) . NS 4 protein, encoded on RSV vRNA 4, can be synthesized in an in vitro cell-free protein synthesis system . However, the amount of synthesized protein appeared to be limited. Additionally, the N protein, encoded on vcRNA 3 was not detected at all in this in vitro system . Consequently, RSV mRNAs may be required to capture the cap structure for the transcription of active mRNAs. An endonuclease activity has not been demonstrated in RSV, but by analogy with other viruses which use capsnatching for mRNA transcription (Krug, 1981) , the RNA polymerase associated with the RSV nucleoprotein particle (Toriyama, 1986) may have this function.
It is likely that heterogeneous oligonucleotides found at the 5' ends of viral mRNAs are derived from host cellular RNAs as originally demonstrated for influenza virus (Krug, 1981) . To determine the origins of the 76 oligonucleotide sequences found in NS 4 and N mRNAs, GenBank and EMBL databases were searched for sequences similar to the non-viral leader sequences of RSV mRNAs. Strictly homologous sequences to several nucleotide sequences were found in the databases. However, none of these homologous regions were found to be Y-terminal or 5'-proximal sequences. We also compared the non-viral nucleotide sequences with those of the 50 complete mRNA sequences of wheat (Triticum aestivum) and the 95 complete mRNA sequences of rice (Oryza sativa) in the databases. Some partial similarities were found between the non-viral nucleotide sequences of RSV mRNAs and the 5' proximal sequences of wheat and rice mRNAs (Fig. 2) . Remarkable similarity was observed between clone 7-22 and wali5 protein mRNA, which is induced by aluminium in wheat. Since NS 4 and N mRNAs were obtained from RSV-infected wheat leaves, these sequence similarities suggest that non-viral heterogeneous sequences are most likely derived from cellular mRNAs. However, we do not know the actual 5' nucleotides of the general population of mRNAs in RSV-infected wheat cells. Thus, more experiments will be required for a better understanding the origins of 5' non-viral oligonucleotides of RSV mRNAs.
